The temperature dependence of electrical conductivity and the photoconductivity of polycrystalline Cu 2 ZnSnS 4 were investigated. It was found that at high temperatures the electrical conductivity was dominated by band conduction and nearest-neighbour hopping. However, at lower temperatures, both Mott variable-range hopping (VRH) and Efros-Shklovskii VRH were observed. The analysis of electrical transport showed high doping levels and a large compensation ratio, demonstrating large degree of disorder in Cu 2 ZnSnS 4 . Photoconductivity studies showed the presence of a persistent photoconductivity effect with decay time increasing with temperature, due to the presence of random local potential fluctuations in the Cu 2 ZnSnS 4 thin film. These random local potential fluctuations cannot be attributed to grain boundaries but to the large disorder in Cu 2 ZnSnS 4 .
Introduction
Cu 2 ZnSnS 4 (CZTS) polycrystalline thin films are potential candidates for a new generation of solar cell absorber layers due to their excellent physical properties such as a direct band gap close to 1.5 eV and a high absorption coefficient (α>10 4 cm −1 ) [1, 2] . In addition, natural abundance and relatively low cost of pure Cu, Zn and Sn make this material very interesting as a low-cost substitute of the absorber material CuInGaSe 2 (CIGS) in thin-film solar cells. The best conversion efficiency attained so far in a sulfur-based CZTS solar cells is around 8.4% [3] . Short minority carrier diffusion length and lifetime in the CZTS absorber layer, and a high series resistance of the devices attributed to a Schottky barrier due to the presence of a MoS x layer at the interface between influenced by the doping level and degree of compensation, creating local potential fluctuations in those films [11] . The presence of acceptor centres, traps and local potential fluctuations can lead to the degradation of the performance of solar cells due to light-induced metastabilities associated with the persistent photoconductivity (PPC) effect [12, 13] .
In this work, we present a study of the temperature dependence of the electrical conductivity of CZTS thin films by means of Hall effect and electrical conductivity measurements. In addition, photoconductivity measurements as a function of temperature are also presented. It will be shown that as the temperature decreases the electrical conductivity of the sample is dominated by band conduction, followed by nearest-neighbour hopping (NNH) and variablerange hopping (VRH). Both Mott-VRH and Efros-Shklovskii (ES) VRH were observed at low temperatures. An analysis of the electrical transport shows that the sample is heavily doped and compensated. Several important properties of the material, such as free carrier density and mobility above room temperature, acceptor and donor density, compensation ratio, grain potential barrier (GPB) height and density of traps at the grain boundaries, were extracted from the analysis of the electrical transport data. Photoconductivity studies showed the presence of the PPC effect, which lasts for more than 100 s and can be observed even at 320 K. The PPC decay time increases with temperature. This unexpected result is explained in terms of the presence of local potential fluctuations in the CZTS thin film due to the high doping levels and large compensation ratio.
Materials and methods

Sample preparation
The CZTS thin films were prepared by sequential deposition of precursor thin layers of Zn, Sn and Cu on a sodalime glass (SLG) substrate followed by a sulfurization step. The precursor deposition was carried out by dc magnetron sputtering and sulfurization by thermal annealing in a sulfur vapour atmosphere [6, 7] . In order to make accurate transport measurements and to avoid any possible influence of the generally observed MoS x layer at the Mo/CZTS interface [5] , the CZTS thin film studied here was deposited directly on the SLG substrate. However, the morphology, chemical composition, crystalline structure, as well as optical properties of this sample are similar to those prepared using the Mo layer. The samples were also etched in a KCN solution in order to remove unwanted Cu 2−x S phases. It can be expected that the CZTS thin films directly deposited on SLG substrates do not have exactly the same properties of those deposited on Mo-covered SLG substrates, due to the potential diffusion of sodium into the CZTS film [14] . Sodium diffusion into CZTS critically depends on the Mo layer deposition conditions and can be as high as in samples prepared without the Mo layer [14] . The addition of sodium significantly increases the grain size of the polycrystalline film [15, 16] , the free carrier concentration [16] and the concentration of compensating donors [17] . However, the morphology, chemical composition, crystalline structure, as well as optical properties of our sample are similar to those prepared using the Mo layer. No sodium was observed in the sample by wavelength dispersive x-ray spectroscopy, the grain size did not increase with respect to the films deposited on Mo-covered SLG substrates and the concentration of compensating donors was found to be elevated. With the exception of the avoided Mo layer, this is a standard synthesis method used to grow the absorber layer of CZTS and CZTSe solar cells [5, 10, 18] and produces goodquality polycrystalline CZTS thin layers [2, 6, 7, 11] .
Sample characterization
The morphology, crystalline structure and chemical composition of the samples were studied by scanning electron microscopy (SEM), x-Ray diffraction (XRD), Raman spectroscopy and inductively coupled mass spectrometry (ICP-MS).
The electrical transport properties were studied as a function of temperature by Hall effect measurements in the 305-370 K range, as well as by electrical conductivity σ (T ) measurements in the 16-400 K extended range. These measurements were carried out in darkness and in the van der Pauw configuration. Photoconductivity measurements were also carried out as a function of temperature, illuminating the sample with a 1.32 eV light-emitting diode (LED). The LED emission energy is lower than the band gap of CZTS (1.5 eV), therefore, band-to-band transitions were not excited in our experiments.
Results and discussion
Figure 1(a) shows the surface morphology of a CZTS thin film as obtained by SEM. The film is compact and polycrystalline with some voids on the surface, likely due to the removal of unwanted Cu 2−x S phases during the KCN etching process. Figure 1 (b) shows the XRD diffractogram of the CZTS thin film. Only peaks of the CZTS phase with a preferential (1 1 2) orientation are observed in the diffractogram. The crystallite size was estimated at 146 nm from the full-width at half-maximum peak and using the Scherrer formula [19] . The Raman spectrum of the film is also shown in figure 1(c). The Raman spectrum is dominated by CZTS peaks; however, residual amounts of ZnS were also detected [6] .
ICP-MS measurements revealed atomic concentration
The CZTS films were intentionally grown slightly off stoichiometry, to be close to the composition of the best CZTS solar cells [9, 20] .
The temperature dependence of the electrical conductivity of a CZTS film is shown in figure 2 . Hall effect measurement results are presented in the inset of figure 2. These measurements revealed p-type conductivity with a high concentration of free holes (p Hall ∼ 10 18 cm −3 ) and low mobility (µ Hall ∼ 2.5 cm 2 V −1 s −1 ). It was not possible to measure the Hall effect below 300 K. However, the analysis of the σ (T ) data can give additional information about the electrical transport properties of the CZTS thin films. 
The inset shows the Hall mobility and concentration as a function of temperature. Figure 2 shows that the σ (T ) data can be divided into two different regions, at high and low temperatures. At high temperatures (T > 180 K), σ (T ) is dominated by conduction in the bands and NNH conduction. At lower temperatures, the conductivity shows a typical VRH behaviour [21, 22] .
At high temperatures, the electrical conductivity of the polycrystalline thin films is dominated by thermal emission of carriers over the inter-GPBs GPB [23] . The temperature dependence of the electrical conductivity of the p-type polycrystalline thin film can then be expressed as [23, 24] 
where e is the electron charge, p is the free hole concentration, µ(T ) is the free hole mobility due to grain boundaries, σ 0 is a constant, k B is the Boltzmann constant, and the exponential factor describes the thermal activation of the carrier mobility flowing over the GPB with height φ. In polycrystalline thin films, the GPB height can be related to the doping level p, the dielectric permittivity ε and the trap density N t at the grain boundary according to [25] 
As temperature decreases, for p-type semiconductors, most of the free holes are recaptured by the acceptors. Then the holes do not have sufficient thermal energy to be excited from the acceptor levels to the valence band [26, 27] . In this case, the band conduction becomes less important, and hole hopping directly between acceptor states in the impurity band will be the main contributor to the conduction mechanism [26, 27] . If the compensation ratio is very high, the Fermi level will be located in the impurity band. Conduction of a compensated sample in this case is realized through NNH of charge carriers with small activation energy directly over impurity states. The conductivity in the NNH model is given by [28] 
where σ 1 is a constant, N A is the acceptor concentration, E NNH is the activation energy for hole hopping and ε is the dielectric permittivity of CZTS [29] .
Considering that both, band conduction and NNH conduction, mechanisms act in the high-temperature range of the data it is possible to extract some of the abovementioned parameters by fitting of the conductivity data with σ (T ) = σ 3 (T ) + σ NNH (T ). These conduction mechanisms explain well our data for T > 180 K. The result of the fitting is shown in figure 2 , with σ 0 = (27.8 ± 0.3)
18 cm −3 . In addition, from (2) the trap density at the grain boundaries N t = 1.7 × 10 12 cm −2 can be obtained. This is of the same order of magnitude as the corresponding value for polycrystalline Si (3 × 10 12 cm −2 ) [25] . At lower temperatures, electron hopping between nearest neighbour sites is not always favoured due to the significant energy difference of the levels [21] . Then electrons prefer to jump to a more energetically similar and remote site. Therefore, in disordered or highly compensated materials the mechanism of electrical conduction changes from NNH to Mott-VRH at a critical temperature T CM . VRH conduction was originally developed by Mott [21] , pointing out that if there is a constant density of states (DOS) N 0 (E F ) near the Fermi level the conductivity is given by [21, 30] 
and
where σ 0M is a constant, T M measures the degree of disorder in the film, α = 18.1 is a constant, and ξ is the localization length which characterizes the hopping probability between sites. This T 1/4 Mott's law has been observed in various classes of lightly doped semiconductors [21, 22, [30] [31] [32] . Nevertheless, a large body of literature reported T 1/2 at low temperatures instead of Mott's law [22, [31] [32] [33] [34] . Efros and Shklovskii [22] argued that the Coulomb interaction would open a soft gap in the DOS, which leads to
where σ 0ES and β = 2.8 are constants. As the temperature further decreases, the Coulomb effect becomes important and the conductivity crosses over from the Mott-VRH to the ES-VRH regime. Following Mott and ES theories, and ignoring here the slow temperature variation of the pre-exponential factors (σ 0M and σ 0ES ) in (5) and (6), the crossover temperature can be determined by plotting ln(W ) versus ln(T ) [33, 34] , where
and T 0 corresponds to the characteristic temperature of the hopping mechanism (T 0 = T M for Mott-VRH, T 0 = T ES for ES-VRH) and p is the critical exponent of the hopping mechanism (p = 0.25 for Mott-VRH, p = 0.5 for ES-VRH). (7), (5) and (6), respectively.
Applying this method to our data, in figure 3(a) , two different regimes with p = 0.26 (180-100 K) and p = 0.57 (100-16 K) can be observed. The first regime with p = 0.26 corresponds to the Mott-VRH conductivity, while the second regime with p = 0.57 corresponds to the ES-VRH conductivity. The Mott-VRH to ES-VRH crossover temperature T c was found to be 100 K. Now, the hopping parameters can be obtained by fitting the σ (T ) data with (5) and (6) In disordered or highly compensated materials there is a critical temperature T CM for transition from the NNH to 
3544 183 ± 8 6193 ± 9 89 536 ± 1 2673 ± 1 the Mott-VRH. We have experimentally determined this value as 180 K. However, T CM was also theoretically calculated by Shklovskii for compensation ratios k larger than 0.5 as [35] 
Furthermore, the compensation ratio, for k > 0.5, can be calculated from the knowledge of N 0 (E F ) by [35] 
From (5), (8) and (9) the values of ξ = 3.4 nm, N 0 (E f ) = 1.5 × 10 18 cm −3 eV −1 and k = 0.83 were obtained. The high values of T M and T ES reveal a large degree of disorder due to the large compensation ratio and doping levels [36] . Previous photoluminescence studies [11] revealed that a large compensation ratio and high doping levels lead to local potential fluctuations in CZTS thin films.
The signature of local potential fluctuations can also be observed in photoconductivity experiments by the presence of PPC after the excitation flux of photons is turned off. Figure 4 shows the time dependence of the photocurrent measurements for several temperatures, measured at a constant bias of 5 V and excitation power density of 0.742 W m −2 . When the excitation light from the LED is turned on the induced photocurrent increases rapidly, reaching a saturation value that increases with temperature. As soon as the excitation light is turned off the photocurrent slowly decreases, showing persistent behaviour. Figure 5 shows the decay PPC curves of the CZTS thin film as a function of temperature. The kinetics of these curves can be well described by a stretched exponential function: where
is the decay time and β means the stretching exponent. I d is the dark current, I (t) is the measured current, and I (0) is the saturated photocurrent value at the moment the excitation light is turned off. Several models have been proposed to understand the origin of PPC in semiconductors. The PPC is believed to be either due to the presence of random local potential fluctuations causing the photogenerated electron-hole pair to spatially separate before the recombination occurs [37] [38] [39] or due to the presence of deep-lying traps such as DX [40, 41] and EL2 [42] [43] [44] centres, which capture the free carriers and re-emit slowly, resulting in an excess of conductivity even after the excitation light is cut off.
Let us now try to understand the results of figure 5 in the light of existing models. We observe a large PPC even after a few ten seconds of cutting off the light. The large PPC, even after 100 s of cutting off the light at room temperature, suggests the presence of random local potential fluctuations or deeplying traps in the sample. Deep-lying traps are not expected to be responsible for the observed PPC in our case since then τ should decrease as the temperature increases [40] [41] [42] [43] [44] . On the other hand, in our case, we observed a large increase in τ with temperature. The temperature dependence of τ , as extracted from the fitting of (10) to the experimental data, is shown in the inset of figure 5 . Therefore, the PPC in the CZTS thin film should be related to random local potential fluctuations. This anomalous behaviour of τ with temperature has also been observed in CdS nanorods [37] and ZnCdSe crystals [38, 39] and explained in terms of random local potential fluctuations. The random local potential fluctuations could be at the grain boundaries or in the CZTS grains due to the large compensation ratio and doping levels. When the light is turned on, photogenerated carriers are generated uniformly in the films. Some of these carriers recombine rapidly, whereas others are separated due to random local potential fluctuations [37] [38] [39] . Thus, the electrons and holes accumulate at spatially different regions in the corresponding local potential minima and a large PPC with slow decay is observed. The temperature dependence of τ shows Arrhenius behaviour with an activation energy of 7 meV. This activation energy E A corresponds to the energy barrier that the carries have to overcome in order to recombine. The exact mechanism relating the random local fluctuations to the PPC is under further experimental and theoretical investigation. However, hopping conductivity, PPC effect and similar decay time behaviour with temperature were observed in several studied CZTS samples. Furthermore, since the GPB height (φ = 75.4 meV) is ten times larger than the PPC energy barrier (E b = 7 meV) the random local potential fluctuations should be related not to the GPB, but to disorder due to high doping levels and large compensation ratio that creates potential fluctuations in the bulk of the grains. This interpretation is in agreement with the observed hopping conduction and the photoluminescence results already reported for CZTS [11] thin films.
Conclusions
The temperature dependence of the electrical conductivity of polycrystalline CZTS thin films was investigated. The analysis of Hall effect and electrical conductivity measurements showed that the CZTS thin films are p-type and highly doped. It was found that at temperatures higher than 180 K the electrical conductivity of the sample is dominated by band conduction and NNH. However, at lower temperatures both Mott-VRH and ES-VRH were observed. A Mott-to ES-VRH regime crossover was determined at approximately 100 K. The analysis of electrical transport showed a high compensation ratio k = 0.83, a GPB height φ = (75.4 ± 0.3) meV, acceptor density N A = (3.1 ± 0.2) × 10 18 cm −3 , and trap density at the grain boundaries N t = 1.7 × 10 12 cm −2 . Photoconductivity studies showed the presence of the PPC effect in the sample. The PPC decay time was found to anomalously increase with temperature. This result was explained in terms of the presence of random local potential fluctuations in the CZTS thin film. These random local potential fluctuations were attributed not to the grain boundaries but to the large disorder in the CZTS thin film, in agreement with the hopping conduction observed in the electrical conductivity experiments.
